ABSTRACT Both free-space and optical fiber quantum key distribution (QKD) links will coexist in future quantum networks, requiring efficient coupling between both types of channels. However, wavefront distortions introduced by the atmospheric channel can severely affect this efficiency. Active mechanisms such as precise beam tracking or steering can correct for some of these wavefront distortions, considerably improving the signal-to-noise ratio of the received quantum signal in many scenarios. A tracking system that uses two, instead oftypically one, controlling loops for tilt correction, stabilizes the beam in the whole optical axis of the receiver relaxing the restrictions of the receiver's optical design, and reduces the area of beam fluctuations in the receiver's focal plane a 24% more than a single-loop configuration. The tracking system was characterized in a QKD system at a 300 meter-link in moderate to strong turbulent conditions (C 2 n − 10 −14 − 10 −13 m −2/3 ) and an improved coupling efficiency of a factor of 2.1 and 1.6 was obtained for a 9.5 µm-core diameter standard telecommunications Single Mode Fiber (SMF) and a 25 µm-core diameter multimode fiber (MMF), respectively. This reduces the quantum bit error rate (QBER) caused by solar background photons in a 52 % for the former and 39% for the latter, enabling an increase in the secret key rate ofmore than one order ofmagnitude for SMF and a factor of five for MMF. These results are promising for enabling QKD free-space links and their interconnection to fiber optic infrastructure in realistic scenarios of communication networks of high turbulence regimes and daylight conditions. INDEX TERMS Quantum key distribution, beam steering, beam tracking, free-space quantum communication, quantum cryptography, wavefront tilt correction.
I. INTRODUCTION
Recent research in free-space Quantum Key Distribution (QKD) has focused on increasing the feasibility of practical systems in real scenarios, which implies fulfilling several challenges like increasing the key rate, the propagating distance and making practical systems compact, robust, and low cost [1] - [7] . Many advances on stationary links have been reported in the last few years [8] - [11] , whereas other potential scenarios for mobile systems, such as aircrafts [12] , hotair balloons [13] and Unmanned Aerial Vehicles (UAVs) [14] have also been explored. In addition, after several tests and proofs to analyze their possibilities, links involving satellites have also been recently demonstrated [15] - [18] .
The associate editor coordinating the review of this article and approving it for publication was Wei Huang. Future wireless networks will use different types of communicating channels depending on their functionality [19] . Some will include only wireless links, such as in cases of communication among small-sized satellites, high altitude platforms and UAVs, whereas others will also include fiber channels, such as in cases where communication must be sent to a ground station or relayed to a fiber-optic network. In the latter case the interconnection among both types of transmission channels, air and fiber, must be optimized to avoid signal losses. This optimization includes techniques for reducing the effects of atmospheric turbulence [20] , [21] through beam steering/tracking [22] , [23] and adaptive optics [24] , [25] . However, tracking systems including both types of correction usually require bulky and costly equipment. Considering that potential applications will likely involve networks with many users a solution that it is both simple and cheap is desired. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Therefore, it is interesting to assess quantitatively ifwavefront tilt correction alone is capable of enabling successful free-space QKD in realistic scenarios, such as those characterized by high turbulent regimes and daylight scenarios. After all, correcting tilt accounts for reducing the distortion of the wavefront in an 86% [20] .
Beam tracking systems typically use one control loop, enabling correction in a single plane of the optical axis. Using two instead of one control loop stabilizes the beam in the whole optical axis of the receiver, and the planes where the correction can be observed are infinite. This facilitates the optical design by removing the constraint of using specific planes where detectors or other optical components must be placed with high precision. In this work, we present a double-loop tilt-correcting system and its characterization through the decrease in the receiver's beam focal area and its effect on the quantum bit error rate (QBER) and secret key rate (SKR) of a QKD system.
The structure of the article is organized as follows. Section II briefly introduces some theoretical parameters to quantify atmospheric turbulent effects in optical links. Section III describes the experimental setup of the double-loop tilt-correcting system. Section IV shows the experimental results in terms ofreduction ofbeam fluctuations at the focal plane of the receiver, increased coupling efficiency in optical fiber, QBER reduction and increase in SKR. Finally, in section V conclusions and future work are discussed.
II. CHARACTERIZING ATMOSPHERIC TURBULENCE IN AN OPTICAL SYSTEM
Atmospheric turbulence distorts the wavefront of a propagating laser beam giving rise to effects such as'dancing' of the beam center (beam wandering); spreading of the beam beyond normal diffraction (beam spreading); and random fluctuations of the irradiance (scintillation) and phase. These effects can be modeled as classical optical aberrations [26] whereby lower-order aberrations represent displacements of the beam centroid from the center of the propagating path, i.e., a tilt movement in the x and y directions.
This tilt changes the angle of arrival of the optical beam upon receival, which, at the focal plane, are translated into spatial displacements of the beam centroid known as spot focal wander, r a , given usually by the root-mean-square (rms) value r 2 a . Likewise, the angle of arrival, also known as tilt angle θ tilt is obtained from dividing r a by the effective focal length f eff of the receiver system [20] : (1) θ tilt defines the (semi angle) field of view of the aperture of radius r a placed in the focal plane of the receiver. According to the beam propagation theory, when using the Kolmogorov spectrum, atmospheric turbulences can be classified through the refractive-index structure parameter C 2 n . This parameter can be calculated through the link distance (L), the beam diameter of the receiver aperture (2w G ), 1 and the tilt angle θ 2 tilt , using the following equation [20] :
Atmospheric turbulence conditions range from values of C 2 n of 10 −17 m −2/3 or less, when the turbulence is considered ''weak'', to values equal or larger than 10 −13 m −2/3 , when the values are considered''strong'' [20] . The values in between are considered as ''moderate'' turbulence.
Another classification of the turbulent conditions is through the Rytov parameter σ R . Assuming a Gaussian-beam wave arriving at the receiver, σ R and parameters can be expressed as [20] :
where k is the wave number of the laser beam and w ST is the short-term beam radius at the receiver, which takes into account only spreading caused by small eddies (compared to the beam diameter), whereas the long-term beam radius takes into account also deflections from large eddies. If the next inequalities are satisfied:
and
the scenario corresponds to weak fluctuations. On the contrary, if any of those conditions is not satisfied, the fluctuations are classified as moderate (σ 2 R ≈ 1) or strong (σ 2 R > 1) conditions [20] . Some of the magnitudes described above, such as C 2 n and σ 2 R , will be used to characterize the turbulence regime present in the experimental conditions of the tilt correcting system that will be described in section III and IV.
III. EXPERIMENTAL SETUP
Reducing solar background noise is an essential requirement for decreasing the QBER in free-space discrete-variable daylight QKD. One technique to achieve this is by reducing the receiver's field of view through active stabilization or tracking of the beam centroid. The purpose of a beam tracking system is thus reducing beam deviations caused by atmospheric beam wandering in a QKD receiver. The tracking system designed here was integrated in the receiver, which in many practical scenarios of distance and turbulent regime, is sufficient to increase the signal-to-noise ratio to the required levels of successful QKD [27] . Needless to say, these techniques must always been accompanied by both spectral filtering techniques of the quantum signal from the solar radiation and light-tight designs of both sender and receiver. Beam tracking techniques generally use an automated control that implements a proportional-integrative-derivative (PID) feedback loop between the beam position measured in a position sensitive detector (PSD) and an actuator, capable of deflecting the beam in order to correct for the deviations and provide a position where the error is minimized. If only one feedback loop in a close loop is used, beam deviations are corrected in a single point within a transverse plane of the receiver. This plane is usually the focal plane of the receiver in QKD systems, in order to minimize the field of view and thus the amount of solar background photons coupled into the detectors. This means the PSD in the control loop must be at an equivalent plane of the focal plane.
However, working in the focal plane is sometimes tricky for PSDs. On one hand, spot displacements in this plane are usually very small for lateral-effect PSDs to detect with sufficient SNR [28] . As for quadrant detectors (QDs), if the beam is too small it can fall into the gap or insensitive area where it cannot be detected, and in general, they are preferably used with lager beams to increase their linear region [28] . Furthermore, if the correction must be achieved in several planes of the quantum receiver where the detectors are placed, as it is the case in many QKD protocols, the QKD receiver must be carefully aligned to place all its detectors at exactly equivalent planes to that of the PSD. This implies not only placing them at the right equivalent plane but also ensuring the distance from the actuator to each lens preceding each detector is the same [27] . This can increase the complexity of the optical design.
On the other hand, designing a tracking system that includes two, instead ofone, correcting loops stabilizes the beam in two different points of the optical axis, thus making the beam stable in the whole receiver. This design removes the need to place the correcting detectors in the focal plane of the receiver, since any two planes can be used, as long as they are different spatial planes. The focal plane can now be avoided, if desired, facilitating the use of quadrant-type PSDs. The advantage of QDs is that they are cheap and off-the-shelf components, compared to, for example, highframe rate CCD or CMOS cameras, and they do not require image-processing software, which can increase the complexity of beam acquisition. They also have good sensitivity (of a few µm and below), independent of the received optical power, and high bandwidth (MHz). As for the actuators, pushpull coils-based Fast Steering Mirrors (FSM) with a measured bandwidth of 500 Hz, sufficient to correct for beam wander effects, which are typically below 200 Hz, in the frequency spectrum, were selected.
Since the beam steering system was designed for a QKD system [29] that uses a 850 nm-wavelength signal for the quantum signal and a 1550 nm-wavelength signal for the timing synchronization signal, both of these wavelengths were used to characterize the performance of the tracking system. The 1550 nm-wavelength was used to perform the tracking, and the 850 nm-wavelength as the quantum signal over which the correction was observed and characterized.
In the transmitter (see Figure 1 ), the outputs of two fibercoupled CW laser diode modules were collimated, combined and expanded by two × 5 beam expanders: L 1 and L 3 for the 850 nm-wavelength beam and L 2 and L 3 for 1550 nm-wavelength (focal lengths f 1 , f 2 = 60 mm and f 3 = 300 mm) to obtain two identical 35 mm-diameter beams. They were then spectrally combined using a Dichroic Minor (DM) and mounted over a two-motor gimbal platform with two DC motors that provided elevation (RVS80) and azimuth (RV120) µrad-precision movements.
In the receiver, we used a 25.4-cm diameter LX200 Schmidt-Cassegrain telescope to collect both tracking and quantum signals, and a Dichroic Minor (DM) to spectrally discriminate them and direct them to their corresponding channels. Since the characterization of the performance of the correcting system was the main priority, the quantum channel was simplified by an optical fiber where the optical power coupled was recorded before and after correcting. A Silicon lateral-effect PSD 9 × 9 mm area, f 3dB = 16 KHz with a 55mV/µW responsivity was also employed to measure the beam position with and without correction. The transmitter and receiver were located at two different buildings separated by a distance of 300 meters in CSIC campus (see Figure 2) . For simplicity purposes, we will refer to the lateral-effect PSD as simply PSD and to the quadrant detector PSD as simply QD.
The QDs were made of InGaAs with 3 × 3 mm area and a responsivity of 0.9 A/W (at 1.3 µm) and a f 3dB = 15MHz. The two control PID loops are each composed ofa FSM and a QD, and must be independent from each other. To achieve this, one of the QDs is placed in the image plane of the minor that is not connected to (in our case QD 1 is placed in the image VOLUME 7, 2019 FIGURE 2. 300-meter link of between ICA-CSIC (AIice) and ITEFI-CSIC (Bob). Source: Google Ealth.
plane of FSM 2 ). Thus, QD 1 did not detect the movements of the beam due to the rotations of FSM 2 , avoiding mechanical coupling between both actuators, which can turn the doubleloop tracking system unstable. Furthermore, the response of both actuators was low-pass filtered around 200 Hz to ignore higher frequency atmospheric distortions, which also improved the stability of the system.
For comparison purposes, with each measurement of the correction by the system with two control loops, we also tested the correction using only one loop, by simply switching FSM 1 off and leaving FSM 2 ON. Therefore, QD 2 was placed at the focal plane of the detector, L d , since this plane must be used when using only one correcting loop. The optical fibre and PSD at the observation channel were thus both placed at equivalent planes to that of QD 2 , i.e., the focal plane of identical lenses L d at each arm of the data channel.
IV. EXPERIMENTAL RESULTS
The method used to characterize the correcting strategies with one and two feedback loops consisted in measuring both the rms spot focal wander r 2 a (see section II) in the PSD and the optical power coupled in an optical fiber in the focal plane of the receiver. With these measurements, we calculated the rms tilt angle θ 2 tilt and average coupling efficiency η, respectively, before and after correcting.
The measuring technique consisted in taking several sequences of data every hour for a total duration of 9 hours. This data were the spot position in the PSD and optical power at the fiber, with each sequence containing several intervals. The first interval was measured with the tracking system turned OFF, the next interval with one correcting loop turned ON (single-loop strategy), and the latest with the two correcting loops ON (double-loop strategy). Each sequence was taken every 30 minutes and consisted of 5 series of intervals with an interval duration of 30 seconds, followed by 16 series of intervals with interval duration of 8 seconds. The different duration was chosen to study the dependence of the measured values with the time interval finding out that similar results were achieved for both time durations. 
The sampling rate for the centroid position from the PSD was 4000 Hz (using a DAQ USB-6343 from NI). For the fiber coupling efficiency the maximum sample rate that could be achieved was of 2 Hz from acquisition limitations of the equipment (PM200). However, as previously stated, data was taken in sufficiently long time intervals to be statistically significant in both cases.
A. IMPROVEMENT IN TILTANGLE AFTER CORRECTION
The performance ofboth beam-tracking techniques using one and two correcting loops was characterized in a 9-hour experiment for a distance of 300 meters and it is shown in Figure 3 .
The improvement factor, (ratio of the tilt angle after correcting to the value before correcting) was evaluated for both type of correction strategies. A maximum improvement factor of 2.3 for the single-loop strategy and 2.9 for the doubleloop strategy were found, whereas the average value for the whole 9 h-measurement was 1.5 for the former strategy and 1.8 for the latter. This meant that with the double-loop strategy the improvement factor was up to a 20-25% better than for the single loop. According to our simulations this is due to the minimization of optical aberrations in the double-loop strategy compared to single loop one. The reason for this is that the beam is forced to pass as close as possible to the center of the optical lenses in Bob, reducing the effect of aberrations such as spherical or coma, which are proportional to the distance from the center of the lens to the point of beam incidence. A theoretical model was studied in [30] to assess the quality of the experimental correction and was found to be in very good agreement with the theory. The refractive index structure parameter C 2 n was calculated from the experimental values of r a using equations (1) and (2) and they were found to be ranging from moderate (C 2 n − 10 −14 m −2/3 ) to strong (C 2 n − 10 −13 m − 2/3) turbulent regimes. Since only tilt aberrations are corrected, and not higher orders modes, the amount of uncorrected aberrations in the wavefront can be expressed as a residual error, which in the case oftilt correction is of order three, and can be expressed as [26] :
where 2w G is the diameter of the receiver aperture, and r 0 is the Fried parameter, defined by [20] :
This residual error, 3 , increases with the turbulent regime C 2 n and the distance of the link, L, as can be deduced from equations (7) and (8), which explain s the increase of both corrected and no corrected values of θ tilt when the turbulence gets stronger (see Figure 3) .
If θ tilt is reduced with the correction, then the field of view of the receiver can be reduced accordingly, and with it, the solar background noise that enters this field of view. The QBER can be expressed as two terms [31] :
A constant term κ, due to imperfections of the QKD system, and a second term given by the probability of a dark, or solar background photon, to be detected. The reduction in the QBER contribution caused by solar photons can then be expressed as: (10) where B is the sifted bit rate at Bob, D is the number of photons from solar background per unit time and the subindexes before and after refer to before and after correcting the tilt of the wavefront. We assume B the same ifbefore and after correcting we choose an optical fiber as large as the maximum area of the long-term beam. Since D is actually the background photon flux, ∅, equation (10) (11) where I and ω are the intensity and angular frequency, respectively, of the beam entering the field of view of area A at the receiver. Since the intensity and angular frequency of the beam is equal before and after correcting, the reduction of the QBER is a function of only the area ofbeam fluctuations before and after correcting. This means the QBER is decreased quadratically with the reduced focal spot wander r a , which in turn, is proportional to θ tilt . The reduction in the QBER was then estimated from the experimental values measured of the θ tilt before and after correcting at 300 meters for both strategies and the results can be seen in Figure 4 . The QBER was decreased by 82% for the single-loop strategy and 88% for the double-loop strategy. The main results are shown in Table 1 . The performance of the double-loop strategy was also compared through the Probability Density Function (PDF) of the tilt angle under different turbulence fluctuations, given by the Rytov parameter. Data in the top of Figure 5 corresponds to a regime of strong fluctuations, whereas the figures below correspond to weak to moderate fluctuations regimes.
The PDF's width decreases after correction for the whole range between weak to strong fluctuations. It can be observed from the histograms that the broadening of the corrected signal increases with the strength of the turbulent regime but a 1.6 improvement factor can still be achieved in strong turbulent regime (top left of figure 5 ). 
B. IMPROVEMENT IN OPTICAL FLBER COUPLING EFFICIENCYAFTER CORRECTION
Monitoring the correction of the tracking system in optical fiber is also relevant since most QKD systems use them as spatial filtering and guiding mechanism to the single photon detectors. The selection on the type of fiber (multimode or single mode) depends on the characteristics of the application. Multimode fiber might be more adequate in applications where the received signal (the quantum key) must be simply stored, whereas single mode (standard telecommunication) fiber might be more convenient when the received signal is to be routed into a communication network where fiberoptic communications components are built in SMF fiber (e.g. erbium-doped fiber amplifiers). In this case, the receiver unit can be seen as a relay or intermediate station that interconnects a free-space link and an optical fiber network.
We therefore used two types of optical fibers: a SMF and multimode fiber in the receiver to observe the correction by measuring the coupling efficiency η, before and after correcting:
where P f is the coupled optical power at the fiber end in the receiver, and P i is the input optical power before the fiber (see Figure 2) . The fiber coupling efficiency for each fiber was then measured in a 9-hour experiment and represented against the turbulent strength characterized by C 2 n , as shown in figure 6 . This time, the difference in performance from the double-loop to the single-loop strategies cannot be observed due to the lower sensitivity of the coupling efficiency measurement, which is limited by diameter of the fiber, and this is larger than the quadrant and lateral-effect detectors' sensitivity (< µrad), used in previous measurements. The improvement factor in the coupling efficiency in SMF after correction increased with the turbulent regime reaching a factor of2.5 for high values of C 2 n where the range for correction Figure 6 . This number is given by A r /A ρ , where A r is the area of the receiver aperture and A ρ is the coherence area, given by A ρ = πρ c 2 . The spatial coherence length ρ c is twice the Fried parameter r 0 , given in equation (8) . It can be observed that the coupling efficiency decreases rapidly with the number of speckles. A further analysis of the system performance in terms of coupling efficiency for different turbulence regimes through the probability density function (PDF) was also carried through. The power coupled in the SMF before and after correction is shown in Figure 7 for several values of the turbulent regime. The width of the PDF is decreased and its height displaced to the right, which means the coupling efficiency is improved after correction.
A multimode fiber was also used to compare the performance of the correcting system in terms of coupling efficiency (see Figure 8 ). We used a relatively small diameter fiber of 25 − µm core-diameter fiber, since it was more suitable for the amount of turbulence present in the characterized link (300m) than a fiber with a larger core diameter (50µm or 62.5 µm), which might have been too large to observe significant differences before and after correcting. Once the coupling efficiency was measured, the QBER was estimated from the experimental values for each fiber.
An improvement factor in the coupling efficiency of more than two after correcting was measured for both types of fibers and correcting strategies. This causes a reduction in the QBER of more than 50%, which can be deduced from equations (9) and (10) . The increase in coupling efficiency for one particular fiber means the bit rate received in Bob, B, increases by the same factor, whereas D remains constant. A summary of the improvement factors after correcting with the double-loop strategy for both fibers taken for 9 hours and the effect in the QBER is shown in Table 2 .
It can be seen from table 2 that the improvement in coupling efficiency after correction is translated into a reduction in the QBER of more than 50% for the SMF fiber and almost 40% for the 25 − µm core-diameter fiber. For the scenarios with stronger turbulence, the reduction is stronger as more range for correction is available. 2 , DA (mm); atmospheric transmittance, T a (km); Bob's aperture diameter, DB (mm); Bob's transmittance, T B ; B92 protocol's transmittance, T B92 ; detector's transmittance, T Det ; detector's dark count rate, D(s −1 ); efficiency of error correcting protocol, f (e); constant fraction of the quantum bit error rate, k; and fraction of the quantum bit error rate caused by solar photons, e bckg .
FIGURE 9.
Theoretical secret key rate versus propagating distance before and after correcting for a strong turbulence regime (C 2 n = 10 −13 m −2/3 ) and daylight conditions (e bckg = 0.04) for single and multimode fibers with core diameters 9.5 µm and 25 µm, respectively.
The secret key rate, R secret , (bits /s) for the QKD system in [29] was theoretically calculated using: (13) where I AE is the maximum information shared by Alice and Eve, f (e) is the efficiency of the error correcting algorithm, H 2 is the binary entropy function and e is the total QBER. Assuming that a Unambiguous State Discrimination (USD) [32] attack is taking place, I AE is given by I AE = 1 − cos θ, with θ being the angle between the two polarized states, and equal to 45 • . The SKR was calculated with and without the maximum improvement factor in the coupling efficiency (a factor −2) for both the SMF and MMF fibers in strong turbulence regime (C 2 n = 1 × 10 −13 m −2/3 ) and daylight conditions (solar QBER contribution of 4%). The remaining parameters were chosen similar to those in [28] :
The increase in R secret is due to both the increase in R sifted and the decrease in the QBER caused by the improvement in the coupling efficiency with correction. Additionally, the increase in R secret after correcting is more noticeable for smaller core-diameter fibers, since the range for improvement after correction is larger. This improvement is more than one order of magnitude for the SMF and a factor of five for the MMF. On the other hand, the maximum distance of the QKD link increases from only 50 meters without correction to 680 meters for the SMF when the correction is applied, and from 900 meters to 1800 meters in the case of the MMF.
V. CONCLUSION AND FUTURE WORK
Atmospheric wavefront tilt correction is essential to achieve successful QKD in free-space links. We have presented a tilt correcting system with a double control loop. This system stabilizes the beam in the whole optical axis instead ofa single plane, removing the need of placing the singlephoton detectors in equivalent planes to the PSD detector used in the correcting loop. Despite using two control loops, the system is stable and achieves a better improvement factor, in reducing beam fluctuations in the focal plane of the receiver, than a single-loop system (2.9 compared to 2.3 for the best correction achieved).
The coupling efficiency measured in both a SMF and a multimode 25 − µm core diameter optical fibers increased more than a factor oftwo with the correction applied, which reduces more than 50% the main contribution to the QBER in free-space QKD systems, which is caused by solar background photons. Moreover, this implies an increase in the secret key rate of more than one order of magnitude in strong turbulent regimes and daylight conditions when using a single mode fiber, and a factor of five in the case of a multimode (25 − µm core diameter) fiber. This correcting system can therefore help improve the connectivity of free-space to fiber-optic telecommunication networks for the case of SMF results. For the case of multimode fiber results, the correcting system improves the signal to noise ratio in the receiver when no connection to preinstalled fiber networks is present. Furthermore, the correcting system was implemented using cheap and off-the-shelf components, suitable for compact and commercial metropolitan QKD systems, and the achieved correction was present even under strong turbulence regimes (C 2 n ∼ 10 −13 m −2/3 ).
